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As part of a fundamental combustion program at the NACA we have been
studying the ignitiem, flame propagation, and inflammability limits of varlous
fueleair mixtures. I will summarizs briefly some of the results we have oblained
in one phase of this program -~ the study of the rate of flame propagatiom. 1
will hit only the highlights of this research, since mors detail oan be obtainmed
from the reports dealing with individual phases of the work. We are interested
in studylng the rate of flame propagatiom for two principal reasons. First,
the resﬁlts nay have immediate applications in understanding and improving the
design of combustors and the selection of fuels, a.nd second, the results may
ultimately lead to an understanding of the mchemiﬁ of the combustion process
which will enable us to predict the properties and behavior of flames, It is
the progress toward this second cbjective that I will review today.

One of the important differences between fuels is the rate at which a flame
will propagate through mixtures of the fuel with air. We have studied this
rate of prepagation tbraugh hemogenecus mixtures of fuel and air contained in
tubes at room temperature and atmospheric pressure (rat&meos 1,2,3). From
measurements of the speed of t;he flame, the flame surface area, and the
velocity of the gas motion zhead of the flame, burning velecities were obtained
which were in good agreement with flame speeds dstermined by the Bunsen method.
Some of these results are summarigzed in fipure 1 where we have plotted the
maximom flame velocity against the number of carbon atoms in the molecule.
These maxima were determined from curves of flame speed against fuel concentrae
tion. Data are shown for paraffins, olefins, cycloparaffins, diolefins and
aeotylgzea. It 1s readily seen that the paraffins have the lowest flame

velogm the olefins following. The cycloalk@”, containing three or four

carbon atoms, fall slightly above the isomeric olefins, while the larger rings
compare more closely with the paraffins, The isclated and conjugated diolefins



are next, while the cumulated diolefins and the acetylenes are at the top of
the list, having the highest flame velocities of the hydrocarbon types studied.
In general, the differences between the flame speeds of different classes of
hydrocarbons are greatest in compounds of low molecular welight, the influence
of structure on flame speed decreasing as the moleculayr welight of the compound
increases, Not shown in the figure is the effect of methylesubstitution or
branching on flame velocity. In all of the classes of compounds listed here
the effect of branching is to reduce flame velocity. A single substituent
leads to greater reductions in flame velocity in the dioléfin and acetylene
families and produces less change in the olefins and paraffins,

While many of the trends shown on this slide follow the general chemical
reactivity of these types of compounds, these results can also be used to
determine the ability of variocus theories of flame propagation to predict
flams velocities, Although many such theories exist, only a few lend theme
selves easily to caleculation for a large number of compeunds. The diffusien
theory of Tanford and Pease is such a theory, since one can readily calculate
the equilibrium flame temperatures and radical concentrations required
(references ) and §). The rate constant in the theory is more difficult teo
obtain. However, if one plots the square root of some active radical concentrae
tions against flame velocity, as we have done in figure 2, a fairly good straight
line is obtained. This indicates that the theory applies if the reaction rate
expression 1s assumed constant for the hydrocarbons considered. On this figure
only sthylene deviates appreciably, while in other work acetylene and some
oxygenated compounds deviate, indicating that a diffeprent rate expression is
required for these compounds. The agreement with the diffusien theary does not
me&n, of course, that other theoriss could not be applied with equally good
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results. If we plot in figure 3 flame valocity against flame temperature
811 of the data except ethylene fall on a single curve. This means that it is
likely that any theory strongly dependent on flame tempsrature would probadly
correlate the data., In fact, Walker and Wright (reference 6) have recently
shown that the Semsnoff thermal theory can be applied to this data if one uses
& constant activation energy for all of the compounds studied except sthylene.
Among the hydrocarbons acetylene with a flame speed of about 140 centimeters
per sscond (reference 7) represents the maximum likely to be reached. Our
interest in sgmpounds with very high flame speeds has led us to an investigation
of some mstallic compeunds., It is known that some metallic hydrides and some
organo-metallic compounds are spontaneously inflammable, se that it might be
eaxpeoted that some derivatives of these metallic compounds would hawve high
flaze spseds and yet not be spontaneously flammable under ordinary handling
oconditions. In one of our preliminary investigations in this regard we have
studied the flame velooities of a series of organcesilanss. Some of our
results are summarised in figure L. Hare we have plotted the flume speed
against the mumber of silicon to hydrogen bends in the compound for three
compounds - Ww, trimethylsilane and diethylsilane. As the
oumber of siliocon to hydrogen bonds is increased, thc'm increases
rapldly. Ethylsilane, not shown on the figure, had 2 flame velocity above
scetylens, although ve have not yet obtained a precise value. Methylsilane
has a considarably higher fiame velecity and on ome occasion M
spontanecusly while the ailaneonir mixture was being prepared. Of eourse,

silane itgelf SiH) is spontaneously flammable,
While we have not yet campleted our theoretical atudy of these compounds,

one can make some interesting comparisms between the iamic compeunds,
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tetramethylsilane and diethylsilane, The ratio of the flame spsed of diethyle
silane to tetramethylsilane is about 2, while the ratio of flame temperatures
i3 only 1,02 and the retio of the square root of the diffusion concentratien
of radicals is only 1.07. In other words, while the flame velocities differ by
100 percent the flams temparature diffars orly by 2 percent and the radical
toncentrations enly by 7 percent. It is evident, therefors, that for either a
thermal or diffusien theory to apply the major difference between the two
capeunds must appear in the reactisn rate expression. This is a study we hepe
to make, for it is not unreasonable to expect that the resctivity will be
strongly affected by the mumber of silicon to hydrogen bonds in the molecule,

When compounds with high flame speeds are found, one asks the inevitable

question "Will a few drops added to a gallon of gasoline result in a super
fuel?. In the past the answer has been mo, and I am afrald the answer is stil)
Ro for the silanes. In figure S we have Plotted flame speed against the
concentration of diethylsilane in normal pentans. Thess compounds require the
Bame smount of oxygen per mole of fuel since they dHffer only in that the silane
containg one 2ilicon atom in place of a oarbon atom. The curves indicate that
the blending 15 poorer than one mlght expect from a linear blending relationship,
and significant incresses in flame velocity occur ouly when the mixture containg
in excess of 25 percent diethylsilane,

Up b this peithmbamdiwussingthe role played by the fuel in the
propagation process. Equally important, of course, are the experimental condd ~
tiens such as the temperature and pressure of ihe mixture and the nature of the
Let us first consider the effest of initial mixture tespereture on
flame velocity, I would like to discuss some of My, Dugger's resesrch aleng these

lines (raferances 9s 10 and 11). He h2s determined the affect of initial mixture
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the Bunsen burner technique. The results are summarised in figure &6 vhere
flams velocity is plotted against initial mixture temperaturs. The msthane
mwamm.mpm-m%wm'c. The propans and
mm.m-n‘cum%. Thess curves extend sver prattically the entire
range of flammability for the fuels, since the fuels would condenss at lewer
temperatures while the mixtures would resst spantansously at higher temperatures.
Itilpoaaibl-%mmthuor;mluwiththoﬂmoftnpcm-mﬂm
speed vhich would be predicted by sither a thermal or diffusion mechaniss. In
ordsy to make the comparisen the temperature dependenocs of the varicus terms
in the equatiens was evalnated. The remaining constants in the equatisn were
evalusted by sstting the theoretisal flams speed equsl to the experimental at
one peint - reom temperature. The varistisn ef flame velocity with temperuture
nwm-pam-rmu,amamtm. A typloal comparison is showm
in figure J. The experimental curve is shown as the detted line. The ewrve
Predisted by the tharmal theory of Swsnoff assuming a bmolecular mechenim
hlhmunundlmcmdthcmmmmwcmmmﬁmmd
Tanford and Pease 1s also shown as a solid line, It is evident that both thesride:
predict the effect of initial mixturs temperature en flame speed with satisfactory
| rrecistion, swhrmmmfwuthmomdmm In all cases
1% was found that the theoretieal curves computed by either theory were within
20€ of the experimental eurve. The thermsl theory usually predieting slightly
highe results whils the diffusion theory predicted lower results st high
temperatures,

W “rtlatd.onship has been found between flsme velecity and active
radieal consentrations which emphasiszes the impertance of difrusiodn:fleme o
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m and, at the same tUme, suggests a means of establishing the

¥ ww.ne' of the flame speed of a fuel from the determination

h 101' m‘.ly two pcinta. On the next slide we have plotted flame velocity against

R th. m-cz powsr of the sumsation of H, OH, and O radical concentrations

HEE lam by relative diffusion coePficients. In each case methane, propans

. - and ﬂ-\v&m straight lines are obtained over the entire temperature range

a w While the full significance of this relationship has not yet been
M!d, 4t does serve as & simple method of finding the flame speed -

ki Ml‘hro variation for fuels showing this linear relationship, The

Wmny of this cerrelation is not yet kmown, since it has been applied only
‘ hmmm

:w-mg the initial mixture temperature results in higher flame tempera~

Mn& higher flame velocities. Increasing the oxygen content of the

. liztun, while holding initial tempersture conabmt, serves the same
- m& ﬁmwlymmgthe atfectcfca:ygonmichmtmthonm

M u’ soms representative hydrocarbons. I will discuss the results recently

p m with imem using the Bunsen burner technigue to measure the flame

ﬂheitiu (uf.tm 12). In order to maintain = gassous mixture the data were

,mmu&omn-mISpmmtommtoSOpmmtm The
2 peps ». ‘L\,wmmmmh air,

’ The results are summarized in
- “\\Uﬁmﬁl&wllp bm W:nim flame velocity against percent oxygen,

i
|
|
x
i
|
|




‘For engineering uses it is possible to combine the effects of temperatwe
and oxygen concentration into & mingle empirical equatiom. We had previously
found that for limited temperaturs ranges a logelog plot of initial tempersture
ve. flams spesd was linear. Combining this with the linear relationship shown
on this figure we get the empirical relstionship showm in figure 10. We have
here the sxperimental flame spesd plotted against the flame speed calculated by
the squatisn Up = OT¢® x (alpha «12) where Up 1is the flame speed, C 48 2
oonstart equal to .000718,Tq is the initial temperaturs, n is a2 constant equal
te 1.5, and alpha ia the oxygen concentration in volume percent, The line
drewn in the figure 1is a 45® line representing perfect correlation. It is
evident thet this empirical relationship fits the data well. It iz interesting
to note that the equatien predicts O flame speed at oxygen concentratiens belew
12 percent for the mixtures studied. While tiis may vary with experimental
conditions somowhat, it is in close agreement with work we have done on the effect
of exygen concentration on the flammabdlity limits of isooctane (refersnce 13).
These results indicate that no flsme will propagate at oxygen concentrations
below 10+12 peroent. This trings to mind considerations of the earlier thermal
theories in which it was believed that the ﬂwmnty limite ococurred at O
flame speed, although since that time contrary arguments have been ralsed. Nevere
theless, a true mechsnism of flame propagatien should apply not only to the
velecity of propagatiem but to the limits of propagation as well., Recent work
has indicated that the propagation limits might be the result of surface
Quenching of the flame reactions so that the flame velecity might be expected
to be related to quenching distance. This is bound to be true in some instances
and, as showm in figure 11, if we plot flame velocity against the reciprocal
of the critical tube dismeter or quenching distance, a straight line is obtained.
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In e paper to be published soon by Simon and Belles (reference 15) a
mechanism for the quenching of flames based on the destruction of astive
particles on the walls is proposed. let us consider & flame propagating in
& tubs as shown in figure 12. The diffusion mechanism of propagation
suggests that the flame progresses into the unburned gas by the diffusion of
active radicals., In such a theory the rate of prepagatien depends strongly om
the mumber of active radicals entering the unburned gas., If some radicals are
destroysd by the walls of the container, it is not unreasonable to expect that
2 oondition can be reached in which there are too few radicals for flame propaga-
tien. In other words, the reaction is quenched. The number of radicals reaching
ths wall in such an idsalised picture can be computed by an equation developed
by Semenoff. Such a computation results in the folluwing expression for

eritical tube diametar:
1

32 AP ‘f

dy = = Py
Ny By

vwhere d; = critical tube diameter
A = frastion of gas phase molecules which must rsact
P ~ total pressure
Np = mumber of fuelbmlecules per cn3
Py ~ partial pressure of active narticls
ky 7 specific rate constant for reaction cf radical with fuel
Dy ~ diffusion coefficient of active radical
This equation quantitatively describes the effect of prassure on the

quenching distance of propanewair flames as well as the ratic of quenching
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16).

Our first experiment was directed to determine if a flame could be
propagated through pure ascmethane st room tempersture and atmospheric
pressure without detonation. The theory predicted a fast flame, but much of
the literature indicated a detecnation might ocour. Consequently, we filled
- @ opeednch tube two fest leng With asomsthane at atmospheric pressure. The
flame was initisted by mesns of & heated wire, While it was evident 2 very
fast flame had propagated, ne detonation occurred. No visible radiation ecould
be obaerved during the progress of the flame, s0 that later experiments
were performed in tubes of rectangular cross section and were observed by the
shadowgraph technique. To reduce the velocity of the flame a mixture containing
only about 16.7 percent m\w in oxygen-free ng_f:n was studied. The
flame was photographed by means of a motionepicture camera. A typical frame is
shewn in figure 13, The flame front closely resembles a hydrocarboneair flame,
A spatial velscity of 56 centimetars per second was determined from timing marks
on the film and distance marks on the tube, A normal burning velocity of 20

satimoters por seoond was computed from this value. The theory predicted a
flame velecity of only about 1 oentimster per second, While the difference
between the experimental value of 20 and the theoretical valus of 1 may seem
discouraging, it must bs remembered that low tempersture kinetics wes used,
While the 15,7 asomsthane mixture has a fairly low flams temperature, it is
#8111 eonsiderably above the usual range for decomposition studies, Alzo
peroent reductiom in activation energy from the 50 idlocalories determined
by low temperature studies to a value of 4O kilocaleries then the theory comes
into sgreement with the experiment,

Another uni.melecular decompesition which is known to result in a flame
. 4s the decompesition of etiylenowoxide. We have recently studied this system

[4
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theoretically and &xperimentally (reference 17). The results of the calsula
tion were based on the recently published kinetics for the decompesition by
Walters and Mueller. There is Tairly goeod agreement among varieus investigators
on the activation energy for this reaction, %the values falling between 52 and
Si idlscaleries per mole. The flame temparature 1s not knewn quite as precisely.
Using extrems values far the heat of reactien flane temperatures vary from 160°
K to 1600° X. Since the agtivation energy and flame temperature appear in
sxponential form, in the flame velocity equations, the effect of ehanges in
thess parameters on the computed flame velocity was determined, YEAXNEEXXEIINS
Figure 1 shows the variation of flame velocity with setivation energy. ZThe
extrems values of activation anergy taken from the litersture are shown by the
&rTows and would produce a flame velocity varistion from 12 to 16 centimetars per
second,

The effect of flame temperature on flame velocity is showm in figurs 15,
Again, flame velocity is plotted against £1ame temperature and extrames in
flame temperature are shown by the arrows. The rangs of temperatures frem 1460°
to 1600% woula Produce flame velocitfes varying from 12 to 29 centimeters per
second,

hthemﬁmbum“ﬂaﬂm-nmu&mom:sume
Bunsen flame of the sthylenew-oxide decomposition, Uhila ignitien conld be

easily accomplished, by means of a hot wire, a stable flams sould not be
obtained even in oxpurm where sthylens oxide was prehested to 200° C.
In experiments performed in tubes the flame wuld propagate upward and horizemtally

but downward propagation could not be obtained. Since the flame had no visibls
radiation, sheadow motion pictures wers taken. '
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‘ mﬁtﬁhg ‘ * is in good agreement with the
‘ centimeters per second,

Melvin Gerstein
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